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Description 



MANUFACTURABLE RECESSED STRAINED 
RSD STRUCTURE AND PROCESS FOR 
ADVANCED CMOS 

Background of Invention 

[0001] The present invention relates to semiconductor devices, 
and more particularly to complementary metal oxide 
semiconductor (CMOS) devices having a strained raised 
source/drain (RSD) layer adjacent to a gate region. The 
present invention also provides a method for fabricating 
the strained RSD structure. 

[0002] As semiconductor development continues to optimize the 
performance of advanced CMOS, it has become clear that 
new features are required beyond conventional scaling. 
For high-performance CMOS, and particularly CMOS on 
thin silicon-on-insulator (SOI) layers, a raised source/ 
drain structure has been proposed to improve parasitic 
resistance. More recently, strained silicon has also been 
proposed for enhanced performance either as part of the 



crystal lattice in the channel, or alternatively, deformation 
of the silicon lattice in the channel by external stress 
techniques. A third method used in the prior art is to pro- 
vide a very steep retrograde well structure that improves 
mobility and short channel performance. 

[0003] one such technique is to provide a strained layer on the 
source and drain regions using SiGe. In order to enable 
significant strain on the channel, it is preferable to recess 
the silicon in the source/drain region and then grow a 
strained SiGe selective epi film in these recessed areas. 
One problem with this approach is that the recess of the 
source/drain silicon must be controlled and reproducible 
to obtain a manufacturable process. Traditionally, this re- 
cess was done using a wet etch or a dry plasma etch in a 
timed fashion. These methods suffer from the fact that 
the etch rate may vary from day to day and also the sur- 
face of the silicon being etched is variable and may have a 
variable induction time before etching begins. This leads 
to a poorly controlled recess that is not suitable for large- 
scale manufacturing. 

[0004] | n V j ew 0 f the above, a method is needed in which a re- 
cessed strained raised source/drain structure can be ob- 
tained wherein the recess of the source and drain silicon 



is controllable and reproducible thereby providing a man- 
ufacturable process. 
Summary of Invention 

[0005] The present invention provides a technique that solves the 
aforementioned problem by presenting a manufacturable 
way to recess silicon that employs an end point detection 
method for the recess etch and allows tight tolerances on 
the recess. The present invention also provides a semi- 
conductor structure that is fabricated by the aforemen- 
tioned method. 

[0006] | n broad terms, the semiconductor structure of the 

present invention includes: a doped semiconductor sub- 
strate; a monolayer comprising carbon and oxygen lo- 
cated on a surface of the doped semiconductor substrate; 
an epi Si layer located on a portion of the doped semicon- 
ductor substrate; a gate region located on the epi Si layer; 
and a strained SiGe layer located on other portions of the 
doped semiconductor substrate adjacent to the epi Si 
layer and the gate region. In accordance with the present 
invention, the strained SiGe layer serves as a raised layer 
for source/drain diffusion regions. 

[0007] The structure described above is formed in the present 

invention by utilizing processing steps that include form- 



ing a monolayer comprising oxygen and carbon on a sur- 
face of a doped semiconductor substrate; forming an epi 
Si layer atop the doped semiconductor substrate; forming 
at least one gate region on the epi Si layer; selectively 
etching exposed portions of the epi Si layer, not protected 
by the gate region, stopping on and exposing the doped 
semiconductor substrate using end point detection; and 
forming a raised strained SiGe layer on the exposed doped 
semiconductor substrate. 
Brief Description of Drawings 

[0008] FIGS. 1A-1F are pictorial representations (through cross 
sectional views) illustrating the basic processing steps 
that are employed in the present invention. 

[0009] FIG. 2 shows an TEM of a alkoxy-terminated silicon with a 
tetraethylorthosilicate (TEOS) overlayer. 
Detailed Description 

[0010] The present invention, which provides a manufacturable 
recessed raised strained source/drain structure and a 
process for fabricating the same, will now be described in 
greater detail by referring to the drawings that accompany 
the present application. 

[0011] Although the description and drawings illustrate the use 



of an SOI substrate as the initial substrate, other semicon- 
ductor substrates besides SOI can be used. Illustrative ex- 
amples of other initial substrates that can be used in the 
present invention include, but are not limited to: Si, SiC, 
SiGe, SiGeC, Ge, InAs, InP as well as other lll/V or ll/VI 
compound semiconductors. The initial substrate may also 
comprise a SiGe-on-insulator substrate or any other lay- 
ered semiconductor, such as, for example, Si/SiGe. 
[0012] Although other semiconductor substrates can be em- 
ployed, it is preferred to use an SOI substrate, such as 
shown in FIG. 1A, as the initial substrate 10. SOI sub- 
strates are preferred since they provide a substrate for 
building a high-performance CMOS device thereon. The 
SOI substrate includes a Si-containing substrate layer 12, 
a buried insulating layer 14 located atop the Si-containing 
substrate layer 12, and a Si-containing layer 16 located 
atop the buried insulating layer 14. The Si-containing 
layer 16 may also be referred to herein as the SOI layer of 
the substrate. The buried insulating layer 14 can be com- 
prised of any insulating material including, for example, 
oxides and nitrides. Typically, the buried insulating layer 
14 is a buried oxide (BOX) region. The term "Si- 
containing" is used herein to denote any semiconductor 



material that includes silicon. The Si-containing layer 16 
of the SOI substrate may have a variable thickness, which 
is dependent on the technique that is used in forming the 
SOI substrate. Typically, however, the Si-containing layer 
16 of the SOI substrate has a thickness from about 10 to 
about 1000 nm, with a thickness from about 100 to about 

500 nm being more typical. The thickness of the buried 
insulating layer 14 may also vary depending upon the 
technique used in fabricating the SOI substrate. Typically, 
however, the buried insulating layer 14 has a thickness 
from about 100 to about 1000 nm, with a thickness from 
about 120 to about 200 nm being more typical. The 
thickness of the Si-containing substrate layer 12 of the 

501 substrate is inconsequential to the present invention. 
[0013] The SOI substrate shown in FIG. 1A can be formed using a 

layer transfer process such as, a bonding process. Alter- 
natively, a technique referred to as separation by im- 
planted oxygen (SIMOX) wherein ions, typically oxygen, 
are implanted into a bulk Si-containing substrate and then 
the substrate containing the implanted ions is annealed 
under conditions that are capable of forming a buried in- 
sulating layer 14 can be employed. 
[0014] Next, at least one trench (not shown in the drawings) that 



extends to the upper surface of the Si-containing sub- 
strate layer 12 is formed by lithography and etching. The 
lithography step includes applying a photoresist to the 
surface of the SOI substrate, exposing the photoresist to a 
pattern of radiation, and developing the exposed pho- 
toresist using a conventional resist developer. The etching 
step used in forming the trench includes any standard Si 
directional reactive ion etch process. Other dry etching 
processes such as plasma etching, ion beam etching and 
laser ablation, are also contemplated herein. The etch can 
be stopped on the top of the buried insulating layer 14 
(also not shown), or on the Si-containing substrate 12 un- 
derneath the buried insulating layer 14. After etching, the 
patterned photoresist is typically removed utilizing a con- 
ventional resist stripping process. In some embodiments, 
the patterned photoresist may remain on the structure 
and be removed after the subsequent etching step. 
[0015] At this point of the present invention, the Si-containing 
layer 16 of the SOI substrate is doped utilizing ion im- 
plantation. The dopants that are implanted into the Si- 
containing layer 16 can be n-type dopants such as P, As, 
or Sb ions, or p-type dopants such as B ions. The dopant 
concentration within the Si-containing layer 16 is typically 



from about 1E17 to about 1E19 atoms/cm 3 . Following im- 
plantation of the dopant ions within the Si-containing 
layer 16 of the SOI substrate, the dopants may be an- 
nealed using any conventional annealing process that is 
capable of activating the implanted dopants. The structure 
that is formed after the implant and anneal step is shown, 
for example, in FIG. IB. In FIG. IB, reference numeral 17 
denotes the doped Si-containing layer of the SOI sub- 
strate. The ion implantation and annealing performed at 
this point of the present invention forms the structure'^ 
well implant regions. 

[0016] Next, a monolayer comprising carbon and oxygen is 

formed at the surface of the doped Si-containing layer 17. 
The monolayer, which is referred to by reference numeral 
18, can be formed by atomic layer deposition (ALD) or a 
chemical treatment process. Any conventional ALD pro- 
cess can be utilized. The chemical treatment is preferred 
over the ALD process. 

[0017] when the monolayer 18 is formed by a chemical treatment 
process, the doped semiconductor layer 17 is first sub- 
jected to a step in which the surface of the doped Si- 
containing layer 17 is hydrogen terminated. By "hydrogen 
terminated" it is meant that the outer surface of the doped 



Si-containing layer 17 includes hydrogen atoms, e.g., a 
structure having -Si-H bonds is formed. This step, which 
results in hydrogen termination, is performed utilizing di- 
lute hydrofluoric acid or any other like solution that can 
provide hydrogen termination. 

[0018] After terminating the doped Si-containing layer 17 of the 
SOI substrate with hydrogen atoms, the doped Si- 
containing layer 17 is subjected to an iodine/alcohol 
treatment step. This chemical treatment step results in the 
formation of a monolayer 18 comprising carbon and oxy- 
gen on the surface of the doped Si-containing layer 17. 
Specifically, a solution comprising iodine and an alcohol is 
applied to the doped Si-containing layer 17. The solution 
is prepared by adding the two components together and 
then thoroughly mixing the same. 

[0019] The application of the iodine/alcohol solution may occur 
by immersion, brush coating, dip coating, spray coating, 
or any other like coating process. In some embodiments, 
the solution can be evaporated and applied as a gaseous 
mixture as well. The application of the iodine/alcohol so- 
lution to the doped SOI layer 17 typically occurs at room 
temperature (i.e., 20°C). Although room temperature is 
typically employed, the solution containing iodine and al- 



cohol may be applied at temperatures that are slightly el- 
evated from room temperature. The contact time for the 
solution containing iodine and alcohol may vary depend- 
ing on the amount of iodine and alcohol in the solution. 
Typically, the contact of the solution containing iodine 
and alcohol to the doped SOI layer 17 is from about 15 to 
about 60 minutes, with a contact time from about 20 to 
about 30 minutes being more typical. 
[0020] As indicated above, the solution employed in the present 
invention for forming the monolayer of carbon and oxy- 
gen comprises iodine and alcohol. The amount of iodine 
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present in the solution is from about 1x10 to about 
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1x10 M in alcohol, with an amount from about 5x10 M 
in alcohol being more typical. 

[0021] The alcohol employed in the solution may comprise any 

straight chain or branched monohydric alcohol, preferably 
methanol is employed. 

[0022] After contact with the iodine/alcohol solution, the treated 
structure is typically rinsed in an alcohol and then dried 
using a standard drying process well known in the art. The 
alcohol used to rinse the structure is typically, but not 
necessarily, the same alcohol as present in the iodine/al- 
cohol solution. A typical drying process that can be used 



in the present invention includes a surface tension drying 
process wherein a mist including isopropanol and water is 
employed. 

[0023] The monolayer 18 serves as a diffusion barrier to the 

dopants previously formed into the Si-containing layer of 
the SOI substrate. The monolayer provides alkyl or alkoxy 
termination to the doped Si-containing layer 17 without 
disrupting the crystal structure of the subsequently grown 
epi-Si overlayer. This is shown in the TEM provided in FIG. 
2. 

[0024] After forming the monolayer 18 on the surface of the 
doped Si-containing layer 17 of the SOI substrate, a Si 
layer 20 is formed by a conventional epitaxial growth pro- 
cess. The epi Si layer 20 is formed at a temperature of less 
than 800°C. The epi Si layer 20 has a thickness that is typ- 
ically from about 10 to about 30 nm. Note that the epi Si 
layer 20 is formed only on Si surfaces that contain the 
monolayer 18. 

[0025] The resultant structure after monolayer 18 and epi Si layer 
20 formation is shown, for example, in FIG. 1C. Because 
of the presence of monolayer 18, the dopants previously 
implanted into the Si-containing layer 16 of the SOI sub- 
strate will pile up at the SOI/epi interface during the ther- 



mal cycle of the epi Si layer 20 deposition and any subse- 
quent anneals. Moreover, the monolayer 18 substantially 
prevents the dopants from diffusing from the doped Si- 
containing layer 17 to the epi Si layer 20. 
[0026] | n some embodiments, and if not previously formed, the 
trench isolation regions (not shown) can be formed at this 
point of the present invention using the technique de- 
scribed above. 

[0027] After forming the epi Si layer 20, conventional CMOS pro- 
cessing can be carried out so as to form the transistor 
structure shown in FIG. ID. The transistor structure shown 
in FIG. ID comprises a gate region 22 that includes a gate 
dielectric 24, a gate electrode 26 and spacers 28 formed 
on at least the sidewalls of the gate electrode 26. Al- 
though a single transistor structure is described and illus- 
trated, the present invention contemplates the formation 
of a plurality of such transistor structures atop the epi Si 
layer 20. 

[0028] The gate region 22 can be formed by first forming gate 
dielectric 24 on the entire surface of the epi Si layer 20. 
The gate dielectric 24 can be formed by a thermal growing 
process such as, for example, oxidation, nitridation or 
oxynitridation. Alternatively, the gate dielectric 24 can be 



formed by a deposition process such as, for example, 
chemical vapor deposition (CVD), plasma-assisted CVD, 
atomic layer deposition (ALD), evaporation, reactive sput- 
tering, chemical solution deposition and other like depo- 
sition processes. The gate dielectric 24 may also be 
formed utilizing any combination of the above processes. 

[0029] The gate dielectric 24 is comprised of an insulating mate- 
rial including, but not limited to: an oxide, nitride, oxyni- 
tride and/or silicate. In one embodiment, it is preferred 
that the gate dielectric 24 is comprised of an oxide such 
as, for example, Si0 2> Hf0 2 Zr0 2 , Al^, Ti0 2 , La^, Sr- 
Ti0 3 , LaAI0 3 , and mixtures thereof, including the addition 
of silicon and nitrogen. 

[0030] jhe physical thickness of the gate dielectric 24 may vary, 
but typically, the gate dielectric 24 has a thickness from 
about 0.5 to about 10 nm, with a thickness from about 
0.5 to about 3 nm being more typical. 

[0031] After forming the gate dielectric 24, a blanket layer of a 
gate electrode material 26 is formed on the gate dielectric 
24 utilizing a known deposition process such as physical 
vapor deposition (PVD), CVD or evaporation. The gate 
electrode material 26 may comprise polysilicon, SiGe, a 
silicide, or a metal. Preferably, the gate electrode 26 is 



comprised of a silicide or a metal. Examples of metals that 
can be used as the gate electrode 26 include, but are not 
limited to: W, Pt, NiSi, CoSK The blanket layer of gate 
electrode material 26 may be doped or undoped. If doped, 
an in-situ doping deposition process may be employed. 
Alternatively, a doped gate electrode 26 can be formed by 
deposition, ion implantation and annealing. 
[0032] The doping of the gate electrode 26 will shift the work- 
function of the gate formed. Illustrative examples of dop- 
ing ions include As, P, B, Sb, Bi, In, Al, Tl, Ga or mixtures 
thereof. The thickness, i.e., height, of the gate electrode 
material 26 deposited at this point of the present inven- 
tion may vary depending on the deposition process em- 
ployed. Typically, the gate electrode material 26 has a 
vertical thickness from about 20 to about 180 nm, with a 
thickness from about 40 to about 150 nm being more 
typical. 

[0033] | n some embodiments, an optional hardmask (not shown) 
may be formed atop the gate electrode material 26 by uti- 
lizing a conventional deposition process. The optional 
hardmask can be comprised of a dielectric such as an ox- 
ide or nitride. 

[0034] The blanket gate electrode material 26 (and optionally the 



gate dielectric 24) is then patterned by lithography and 
etching so as to provide at least one gate region 22, with- 
out the spacers. Each gate region 22 formed may have the 
same dimension, i.e., length, or they can have variable di- 
mensions to improve device performance. The lithography 
step includes applying a photoresist to the upper surface 
of the blanket deposited gate electrode material 26, ex- 
posing the photoresist to a desired pattern of radiation 
and developing the exposed photoresist utilizing a con- 
ventional resist developer. The pattern in the photoresist 
is then transferred to the blanket layer of gate electrode 
material 26 utilizing a dry etching process. The patterned 
photoresist is removed after etching has been completed. 
In some embodiments, a hardmask may be formed prior 
to formation of the photoresist and used in patterning the 
blanket layer of gate electrode material 26. 
[0035] Suitable dry etching processes that can be used in the 
present invention in forming the gate region 22 include, 
but are not limited to: reactive ion etching, ion beam 
etching, plasma etching or laser ablation. The dry etching 
process employed is typically selective to the underlying 
gate dielectric 24 therefore this etching step does not 
typically remove the gate dielectric 24. In some embodi- 



merits, this etching step may however be used to remove 
portions of the gate dielectric 24 that are not protected by 
the gate region 22. The latter embodiment is depicted in 
the drawings of the present application. 

[0036] Next, at least one spacer 28 is formed on exposed side- 
walls of each gate electrode. The at least one spacer 28 is 
comprised of an insulator such as an oxide, nitride, 
oxynitride and/or any combination thereof. The at least 
one spacer 28 is formed by deposition and etching. 

[0037] | n addition to the at least one spacer 28, the present in- 
vention also contemplates a structure including multiple 
spacers. In particular, the present invention contemplates 
a structure including a first spacer having a first width and 
a second spacer having a second width wherein the first 
width is narrower than the second width. Typically, each 
spacer 28 has a width, as measured at the bottom, from 
about 20 to about 80 nm. 

[0038] | n addition to the above method, the gate region 22 can 
be formed utilizing a damascene process in which a 
dummy gate region is first formed on the epi-Si layer 20. 
A planarizing dielectric such as an oxide is then deposited 
and the resultant structure is planarized to expose an up- 
per surface of the dummy gate region. The dummy gate 



region is then selectively removed by etching and then 
gate region 22 is formed. 
[0039] Next, and as shown in FIG. IE, the exposed portion of the 
epi Si layer 20, not protected by the gate region 22, is 
then removed using the doped Si-containing layer 17 or 
the monolayer 18 as an end point etching detection layer. 
The end point detection can include the use of an analyzer 
that uses effluents from the gas to detect the presence of 
carbon and/or oxygen within the monolayer 18 or the 
sudden gradient of dopant ions within the doped Si- 
containing layer 17. The selective etching of the exposed 
portion of epi Si layer is performed utilizing any etch pro- 
cess that selectively removes epi Si as compared to a 
doped semiconductor layer. For example, CF , CHF or NF 
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can be used to selectively remove the exposed portion of 
epi Si layer 20. 

[0040] After removing the exposed portion of the epi Si layer 20, 
which exposes the underlying doped Si-containing layer 
17, a strained SiGe layer 30 is formed. The resultant 
structure including the strained SiGe layer 30 is shown, 
for example, in FIG. IF. The strained SiGe layer is formed 
utilizing any process that is capable of forming a strained 
SiGe layer. For example, the strained SiGe layer 30 can be 



formed by ultra-high vacuum CVD epitaxy (UHCVD epi) or 
RTCVD epi, (reduced temperature CVD epi). 
[0041] The thickness of the strained SiGe layer 30 may vary de- 
pending on the technique used in forming the same. Typi- 
cally, the strained SiGe layer 30 has a thickness from 
about 20 nm to about 200 nm, with a thickness from 
about 40 nm to about 80 nm being more typical. The 
strained SiGe layer 30 formed at this point of the present 
invention is the raised layer of the structure wherein 
source/drain diffusion regions can be subsequently 
formed. 

[0042] Source/drain regions (not shown) can now be implanted 
into the strained SiGe layer 30 and then activated by ther- 
mal annealing. Alternatively, the epitaxial films can be 
grown with dopants contained within (in-situ doped epi). 
After formation of the source/drain regions within layer 
30, silicide contacts (not shown) can be formed atop the 
source/drain regions and thereafter conventional back- 
end-of-the line (BEOL) processing may be performed. 

[0043] while the present invention has been particularly shown 
and described with respect to preferred embodiments 
thereof, it will be understood by those skilled in the art 
that the foregoing and other changes in forms and details 



may be made without departing from the scope and spirit 
of the present invention. It is therefore intended that the 
present invention not be limited to the exact forms and 
details described and illustrated, but fall within the scope 
of the appended claims. 
[0044] what we claim is: 



